We use Raman spectroscopy in tandem with transmission electron microscopy and DFT simulations to show that extreme (GPa) pressure converts the phase of silicon nanowires from cubic (Si-I) to hexagonal (Si-IV) while preserving the nanowire's cylindrical morphology. In situ Raman scattering of the TO mode demonstrates the high-pressure Si-I to Si-II phase transition near 9 GPa. Raman signal of the TO phonon shows a decrease in intensity in the range 9 to 14 GPa. Then, at 17 GPa, it is no longer detectable, indicating a second phase change (Si-II to Si-V) in the 14 to 17 GPa range. Recovery of exotic phases in individual silicon nanowires from diamond anvil cell experiments reaching 17 GPa is also shown. Raman measurements indicate Si-IV as the dominant phase in pressurized nanowires after decompression. Transmission electron microscopy and electron diffraction confirm crystalline Si-IV domains in individual nanowires. Computational electromagnetic simulations suggest that heating from the Raman laser probe is negligible and that near-hydrostatic pressure is the primary driving force for the formation of hexagonal silicon nanowires.
Silicon is the second most abundant element in the Earth's crust [1] and the foundation of the modern electronics industry. It is used for integrated circuits in information technology and as an energy conversion material in photovoltaics. Unfortunately, one of the biggest drawbacks for silicon's use in solar energy conversion is its indirect band gap. Theoretical [2, 3] and experimental [4] [5] [6] efforts are looking at the properties of exotic phases of silicon and their potential as improved photovoltaic (PV) absorbers.
The phase diagram of silicon [7] reveals several polytypes at elevated pressures. At a pressure of ∼11 GPa, Si-I begins to transition to Si-II which has a body-centered tetragonal crystal structure and metallic electronic structure [8] . As pressure increases past approximately 15 GPa, Si-V begins to emerge with a primitive hexagonal phase [9] [10] [11] . But neither Si-II nor Si-V are stable at atmospheric pressure and, therefore, have not been observed experimentally outside of high pressures. Si-III (body-centered cubic) and Si-IV (diamond hexagonal), however, are stable at atmospheric pressure and have been synthetisized [4, 12, 13] as well as recovered from high-pressure phase transitions [14, 15] . While Si-III is a semimetal [14] and could have applications in electronics, Si-IV is a semiconductor with a reported indirect band gap near 0.8-0.9 eV and direct transition at 1.5 eV [13] . The direct transition for Si-IV makes FIG. 1. Schematic of the diamond anvil cell (DAC) and components for Raman scattering measurements. A holographic laser bandpass (HLB) filter is used to pass the 532 nm Raman probe into a 50x objective which focused the beam into DAC. Nanowire Raman scattering and ruby photoluminescence were collected with the same objective and sent to a spectrometer or CCD for imaging. A 532 nm notch filter (NF) was used to eliminate strong Rayleigh scattering.
it appealing for PV applications due to higher absorption efficiency in the visible spectrum. Nano-structured silicon can also prove advantageous for light-absorbing materials. For example, periodic dielectric structures, including photonic crystals (PC), are used to control and confine the movement of photons in two or three dimensions [16, 17] . PCs of silicon can be synthesized using finely controlled methods such as lithography [18] and glancing angle deposition [19] . Recently, a 2-D silicon PC was shown to increase absorption efficiency of photovoltaic cells by 31% when compared with a c-Si film with a distributed Bragg reflector [20] . Additionally, analytical theory has shown that morphology-dependent res- onances can enhance internal fields in silicon nanowires [21] . Experimental results have demonstrated increased absorption in nanowire-patterned silicon as compared with planar silicon across the visible and near-infrared regions of the electromagnetic spectrum [22] . Although Si-IV nanowires with direct-gap transitions have been synthesized through chemical vapor deposition methods [13] , we show here that Si-IV can be recovered in silicon nanowires previously prepared through chemical etching after near-hydrostatic compression up to 17 GPa in a diamond anvil cell (DAC). These results demonstrate the feasability of designing PCs with cubic silicon and recovering exotic phases after pressurization while maintaining complex morphologies created through lithographic processing.
Silicon nanowires (SiNWs) were prepared through metal-assisted chemical etching (MACE) [23] . A silicon wafer with <111> orientation, doped with boron to a resistivity of 11 Ω cm, was immersed in a solution of 1:1 volume ratio of 10 M HF:0.04 M AgNO 3 for 3 hours. The etched wafer was then immersed in a 1:1 volume ratio solution of 30% (v/v) NH 4 OH:28% (v/v) H 2 O 2 which has been shown to remove any residual silver particles [24] . The resulting nanowire array was sonicated to suspend the nanowires in deionized H 2 O. Pressure modulation was achieved using a Boehler-Almax plate DAC and diamonds with 0.3 mm culets. A tungsten probe was used to transfer nanowires dried from the suspension onto the diamond anvil culet along with micrometer-scale ruby grains which were used to monitor the pressure inside the cell [25] . A rhenium gasket was used as a spacer after it was dimpled to a thickness of 50 µm and a hole with 150 µm diameter was drilled with an electrostaticdischarge machine (Hylozoic Products, Seattle). The cell was then sealed and pressurized initially using either a 4:1 volume ratio or methanol:ethanol mixture or cryogenically loaded argon as a near-hydrostatic pressure transfer medium. By gradually tightening the cell, the diamond culets were advanced closer to each other, thereby increasing pressure in the cell.
Raman scattering from individual SiNWs at high pressures was observed by focusing a 532 nm laser through a 50x objective into the DAC, as illustrated in Figure 1 , to a spot size of ∼3 µm and dispersing the back-scattered signal onto a liquid nitrogen-cooled charge-coupled device (CCD) through a 0.5 m spectrograph with a 2400 l/mm holographic grating and slit-width of 20 µm giving a resolution of 0.3 cm −1 . Raman shift values obtained from spectra of SiNWs were calibrated to ±1 cm −1 using Raman scattering spectra from cyclohexane.
In situ Raman spectra from 12 individual SiNWs at increasing pressures (Fig. 2a) show a quadratic dependence of the Si-I first-order longitudinal-transverse optical (LTO) phonon with a fit described by the equation
The vibrational frequencies of atoms in a solid are dependent on the volume and can be described by the mode Grüneisen parameter
where ω i is the frequency of the ith mode, V is the crystal volume, and χ T is the isothermal compressibility. Using a bulk value [26] for χ T = 0.01012 GPa −1 , the mode Grüneisen parameter is calculated to be 1.12, which is in agreement with other findings [27, 28] .
Unique to these measurements is the existence of two modes simultaneously (Fig. 2b) in the pressure range of 9-12 GPa. Previous reports [7, 8, 10] have shown through X-ray measurements that both Si-I (diamond) and Si-II (tetragonal) (Fig. 2c) are stable at these pressures, however, Raman scattering from Si-II has, to the which persists until 12.3 GPa when the signal from the Si-I mode vanishes, suggesting the completion of the Si-I to Si-II phase transition. The continuity of the new mode past the I-II phase transition and up to 14 GPa indicates that the origin of the mode is indeed from the Si-II phase since it has been shown [9, 10] to be the stable phase across the range of 12-14 GPa. The next increase in pressure resulted in a sudden jump to 17 GPa, at which point the Raman signal was no longer discernible. This loss of signal is likely due to another phase transition, Si-II to Si-V (primitive hexagonal), which is expected near 15 GPa [8] . Upon decreasing the pressure from the maximum pressure achieved (17 GPa) to 10 GPa it was noted that Raman scattering could not be recovered from any of the SiNWs. Attempts were made to decrease pressure gradually below 10 GPa to probe for additional phase changes, but further loosening of the DAC tension screws resulted in an uncontrolled pressure release to 1 bar. However, once atmospheric pressure was restored and the NWs could be probed directly, Raman signal from exotic phases was observed with the dominant signal resulting from the Si-IV phase (Fig. 2b) which has a diamond hexagonal structure. Recovery of Si-IV in MACE-prepared SiNWs demonstrates the possibility of also recovering Si-IV in exotic morphologies of Si produced through lithography [18] or other methods. We were also interested in evaluating the predictive capabilities of density functional theory (DFT) for pressure-dependence of Raman shifts and high pressure phase transitions. Simulations were performed with the Quantum Espresso software package [29] using a diamond cubic unit cell with 8 Si atoms and a lattice parameter of 5.43Å. A variable cell relaxation and subsequent phonon calculation were performed across a range of pressures, yielding theoretical Raman shifts for the LTO mode of Si-I. For the range of 0-4 GPa, the numerically calculated value for ∆ω/∆P was found to be 5.05 cm −1 /GPa, which has a difference of less than 2% from the experimental result. However, as the simulated pressure was increased past 4 GPa, the disagreement between theory and experiment became significant and no phase change occurred in the simulation even up to pressures of 80 GPa. The results of these simulations indicate the inaccuracy of DFT for high pressure phase transitions of Si.
After decompression, recovered SiNWs were then transfered to a lacey carbon transmission electron microscopy (TEM) grid for further structural characterization. Bright-field TEM images reveal multiple domains within a single nanowire (Fig. 3a) . High-resolution TEM (Fig. 3b) shows the crystallinity of one domain as an example while ring patterns from select area electron diffraction (SAED) (Fig. 3c) over the entire nanowire confirm the existence of multiple phases within a single SiNW where each of the strongest peaks can be indexed to planes from the Si-IV wurtzite phase with unit cell parameters of a = 3.8Å and c = 6.27Å. Secondary peaks suggest domains of either Si-I or Si-III, but the intensities are too weak for conclusive assignment.
Laser heating was reported by Khachadorian et al. [30] to influence Raman measurements of SiNWs. Our results, however, did not show any change in Raman shift or linewidth of the LTO Si mode for laser powers in the range of 1 to 40 mW; although, all Raman measurements conducted at higher pressures near phase transitions (> 8 GPa) were done with a laser power of 5 mW or less. Furthermore, a custom Python code implementation of analytical theory for laser heating of infinite cylinders [21] was used to predict the temperature of a SiNW in a matrix of 4:1 methanol:ethanol with a thermal conductivity of 2 W m −1 K −1 [31] ; this provides an upper bound on the temperature when considering the NW is positioned in contact with one diamond anvil surface. As shown in Figure 4a, the internal field has a maximum that is approximately 70% of the incident field's magnitude which corresponds to a temperature rise that is less than 13 • C. Calculations for cylinders in a solid matrix of argon where the thermal conductivity is 5x higher [32] than that of the ethanol:methanol mixture predict a temperature rise of only 2
• C. Therefore, pressure is likely the primary mechanism behind the observed phase transition to Si-IV.
In conclusion, silicon is one of the most popular materials in PV devices even though its indirect bandgap limits its conversion efficiency. Nanowires can be used to enhance internal fields and optical absorption but conversion of Si-I to Si-IV with a direct transition could also significantly increase efficiency in PV devices. Raman scattering from individual SiNWs up to a pressure of 17 GPa indicates the onset of a pressure-induced phase change from Si-I to Si-II near 9 GPa with complete transtition at 12.3 GPa and Si-II to Si-V transition between 14 and 17 GPa. We have also recovered NWs at atmospheric pressure which demonstrate polymorphic Si with Si-IV as the dominant phase as evidenced by Raman scattering. Contrast seen in bright-field TEM images indicate multiple domains while high resolution TEM and SAED confirm that these domains are poly-crystalline and exhibit a Si-IV phase. It would be of interest to perform compression recovery experiments on 1-D PCs of silicon to learn how the phase will influence the photonic properties of nanostructured Si materials (e.g. photonic crystals) that cannot be synthesized via vapor-liquid-solid syntheses.
